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ABSTRACT
A configuration of HALO (the High-Altitude LOng-range research
aircraft) as a remote sensing cloud observatory is described and its use is
illustrated with results from the first and second NARVAL (Next-generation
Aircraft Remote-sensing for VALidation) field studies. Measurements from
NARVAL2 are used to highlight the ability of HALO, when configured in
this fashion, to characterize not only the distribution of water condensate
in the atmosphere, but also its impact on radiant energy transfer and the
co-varying large-scale meteorological conditions – including the large-scale
velocity field, and its vertical component. The NARVAL campaigns with
HALO demonstrate the potential of airborne cloud observatories to address
long-standing riddles in studies of the coupling between clouds and circula-
tion, and are helping to motivate a new generation of field studies.
Capsule Summary: Using dropsondes and advanced remote sensing
instrumentation to configure the German High-Altitude LOng range research
aircraft (HALO) is configured for use as an airborne cloud observatory.
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An airborne cloud observatory84
The application of aircraft to sample the atmosphere continues a long tradition – one dignified85
by luminaries such as Pascal and Humboldt – of humans reaching into the atmosphere to measure86
its properties. Today’s research aircraft are able to carry large payloads over large distances and to87
a great altitude, taking them from their early beginnings as airborne observatories (e.g., Anderson88
1931; Malkus et al. 1961), and transforming them into sophisticated laboratories (e.g., Wofsy and89
the HIPPO Science Team and Cooperating Modellers and Satellite Teams 2011; Wendisch et al.90
2016). Measurements made in such laboratories have helped to characterize the distribution of91
water condensate, particulate matter, and trace gases in the troposphere and lower stratosphere.92
Today, satellites (Stephens et al. 2002; Illingworth et al. 2015), and ground stations (Ackerman93
and Stokes 2003; Illingworth et al. 2007; Stevens et al. 2016), remotely sense quantities that used94
to require measurements in situ, by airborne laboratories. These modern ground and space-based95
observatories have many advantages, but are limited to sampling what passes by, which makes96
their measurements challenging to contextualize. Remote sensing instrumentation is, however,97
also well suited for airborne applications. For instance, airborne radars have been used extensively98
for research purposes for decades (e.g., Mapes and Houze 1995) and aircraft have long served as99
platforms for prototyping and validating satellite measurements. But the use of research aircraft as100
flying laboratories – designed to sample the flow in situ – continues to dominate their application.101
Here we articulate a different vision, one in which modern remote sensing techniques help re-102
establish airborne platforms as sophisticated flying observatories. By combining the mobility of a103
research aircraft with simple autonomous sensors (dropsondes) and advanced remote sensing, we104
show how such platforms make it possible, for the first time, to simultaneously observe the large-105
scale and constituent properties of the atmosphere in space and time, and in otherwise difficult to106
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access locations. This capability enables a new look at atmospheric processes, and gives a modern107
twist to the century old application of aircraft in atmospheric research.108
The idea of using a research aircraft as a platform for autonomous and remote sensing emerged109
with the procurement of a Gulfstream 550 for the use of the German atmospheric science research110
community. Together with its sister aircraft, the NSF/NCAR High-Performance Instrumented Air-111
borne Platform for Environmental Research (Cooper et al. 1989; Laursen et al. 2006), the German112
G550 distinguishes itself from many research aircraft available for use today by its ability to fly at113
high (15 km) altitude, for long distances (8000 km), all the while carrying a large payload. These114
qualities are reflected in its name HALO, an acronym constructed to emphasize its High Altitude115
and LOng range capabilities. In addition to the traditional use of the aircraft, to characterize clouds116
and the chemical state of the atmosphere, a configuration was proposed to facilitate HALO’s use117
to validate new high-tech satellite remote sensing applications. With the growing appreciation118
of the capability of low-tech parachute-borne dropsondes to constrain the large-scale state of the119
atmosphere, a more comprehensive vision for the use of HALO developed. The purpose of this120
article is to describe the realization of this vision through the course of the NARVAL1 Expeditions.121
HALO configured as a cloud observatory122
Configured as a cloud observatory, HALO uses complementary active and passive sensors to123
measure radiant energy across the electromagnetic spectrum. Combined with in-situ measure-124
ments from dropsondes, these sensors enable a characterization of the thermodynamic (tempera-125
ture and water vapor), dynamic (large-scale winds and vertical velocity), and particulate (hydrom-126
eteors, clouds and aerosols) state of the atmosphere over the area of flight operations. Figure 1127
1NARVAL, initially stood for North Atlantic Rainfall VALidation. This name was motivated by HALO’s distinctive nose boom, which is
reminiscent of the Narwhal, a toothed whale that frequents waters over which the original mission intended to fly. Later NARVAL was redefined to
stand for Next generation Advanced Remote-sensing for VALidation studies. Today it stands as a metaphor for a yet broader concept.
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illustrates this configuration of HALO. All instruments, except for the broadband radiometers and128
infra-red imager discussed at the end of this article, have been used in at least one of the NARVAL129
expeditions.130
In the microwave part of the electromagnetic spectrum, three downward looking radiometer131
modules passively measure the microwave emissions of Earth’s atmosphere in twenty-six channels132
probing two water vapor and two oxygen absorption features, as well as window channels (Table133
1). The configuration of radiometers was initially chosen to mimic those found aboard, or planned134
for, major European satellites, such as MetOp, but also the microwave measurements made by135
SSM/I, GMI, AMSU-A,B and AMSR2. These instruments (see Fig. 1, position a) are nadir staring,136
with beam widths of 2.7◦ to 5.0◦ and a sampling rate of about 1 s. This implies a surface footprint137
from HALO typically less than 1.0 km, and at most 1.5 km. The channels provide the capability138
of distinguishing contributions from different condensate phases of water, and providing their139
path integrals. In addition, the band-pass channels yield sensitivity to different depths within the140
atmosphere and, thereby, provide profiling capabilities (Schnitt et al. 2017).141
An active nadir-pointing microwave cloud and precipitation radar (Fig. 1, position c) comple-142
ments the passive microwave measurements. The radar measures in the water-vapor window at a143
frequency of 35.5 GHz (Ka-band). This system, similar to cloud radars operated on the Barbados144
Cloud Observatory since 2010 (Stevens et al. 2016), is operated with a 200 ns pulse length and145
a pulse repetition frequency of 5 kHz. Two receivers provide co- and cross-polarization reflec-146
tivity measurements. The output parameters are the first two moments of the doppler spectrum,147
which include the reflectivity and the reflectivity weighted doppler velocity. In addition, the linear-148
2MetOp stands for Polar Orbiting (Op) meteorological satellites operated by the European Organization for the Exploitation of Meteorological
Satellites, SSM/I and GMI denote the Special Sensor Microwave Imager the Global precipitation measurement system microwave imager. AMSU-
A,B denote different versions of Advanced Microwave Sounding Units that fly on a variety of satellites. AMSR denotes the Advanced Microwave
Scanning Radiometer, which has flown on three satellites.
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depolarization ratio provides information about the target shape. The radar uses a mono-static,149
pulsed magnetron that enables it to precisely capture strong gradients in the reflectivity, which is150
important to avoid problems with ground reflection. The high-power (30 kW peak) and relatively151
large, for an airborne system, (1 m) Cassegrain antenna gives it a higher than average sensitivity152
(−30.7 dBZ at 5 km) as compared to lower powered W-band (90 GHz) airborne systems (Ewald153
et al. 2018). Radiation in the Ka-band also attenuates less than in the W-band, so that Ka-band154
radars can better penetrate columns with heavy precipitation. See Mech et al. (2014) for further155
technical details of the microwave suite of sensors – collectively referred to as HAMP (for the156
HALO Microwave Package) – and Ewald et al. (2018) for the technical characterization and cali-157
bration of the radar based on flight tests. Mech et al. also includes a photograph of the system as158
implemented on HALO.159
In the visible and near-infrared portion of the spectrum, two types of instruments provide pas-160
sive measurements. The Spectral Modular Airborne Radiation measurement sysTem (SMART)161
(Wendisch et al. 2001, 2016) measures spectral irradiances (and radiances) from two implemen-162
tations. One is a zenith oriented sensor, which measures downwelling irradiances, from position163
e in Fig. 1. At position f a second, nadir-staring, SMART measures both radiances and irradi-164
ances upwelling toward the aircraft from below. SMART measurements in the visible and near165
infrared (300 nm to 1000 nm) wavelength range have a 2 nm to 3 nm spectral resolution (full width166
half maximum, FWHM). Measurements in the short-wave infrared span the range from 1000 nm167
to 2200 nm, with a 10 nm to 15 nm spectral resolution (FWHM). Radiance and irradiance data168
collected by SMART help quantify the presence and microphysical state of clouds. Upwelling169
radiances can also inform retrievals of surface properties. These are obtained from a telescope170
with an opening angle of about 2◦ and its time resolution varies between 0.5 s to 4 s, giving it an171
along-path resolution of a 150 m at a range of 15 km.172
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The spectrometer of the Munich Aerosol Cloud Scanner (specMACS; Ewald et al. 2016) is the173
second type of passive instrument operating in the near-infrared and visible portion of the spec-174
trum. SpecMACS consists of two camera systems, one in the visible/near-infrared (400 nm to175
1000 nm), and another in the short-wave infrared (1000 nm to 2500 nm). The systems produce a176
spectrally resolved line image with 1312 pixels covering a 32.7◦ field of view in the visible/near-177
infrared, and with 320 pixels covering a 35.5◦ field of view in the short-wave infrared. The resolu-178
tion of the instrument is limited by the field of view associated with individual pixels of the sensor,179
which in the short-wave infrared range is about 2 mrad. This allows the instrument to resolve 30 m180
surface features along a line of 8.7 km at a flight altitude of 15 km. During NARVAL1, SpecMACS181
had not yet been incorporated into the HALO payload, and instead an alternative instrument for182
performing differential optical absorption spectroscopy was operated from the rear of the fuselage.183
Active remote sensing in the same frequency range is provided by the multi-wavelength water184
vapor differential absorption lidar (WALES; Wirth et al. 2009). WALES operates at four wave-185
lengths near 935 nm to measure water-vapor mixing ratio profiles covering the whole atmosphere186
below the aircraft, and is located between the two components of HAMP in position b (Fig. 1).187
At typical flight speeds it has a resolution of 200 m in the vertical and 6 km in the horizontal.188
The system also contains additional aerosol channels at 532 nm and 1064 nm with depolarization.189
WALES uses a high-spectral resolution technique, which distinguishes molecular from particle190
backscatter, to make direct extinction measurements with a resolution of 15 m in the vertical and191
200 m in the horizontal. A detailed description of the WALES system is provided by Wirth et al.192
(2009).193
The remote sensing systems are complemented by a dropsonde capability, whereby HALO is194
equipped to launch Vaisala RD-94 sondes using an ‘Airborne Vertical Atmospheric Profiling Sys-195
tem’ (Hock and Franklin 1999). As reported by Wang et al. (2015), the sondes measure tempera-196
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ture with an accuracy of 0.2 ◦C, humidity with an accuracy of 2 %RH, pressure with an accuracy197
of 0.4 hPa. Winds are derived from GPS position measurements with an estimated accuracy of198
0.1 ms−1 . During the NARVAL campaigns the receiver could track four sondes simultaneously.199
For the measured descent time of about 750 s from a drop altitude of 9.5 km, the capability of the200
receiver allows a sonde to be launched roughly every three and a half minutes.201
The NARVAL expeditions202
The cloud observatory configuration of HALO has mostly been developed and evaluated through203
two NARVAL expeditions. NARVAL1 consisted of fifteen research flights: eight during Decem-204
ber 2013 over the winter trades of the tropical North Atlantic, and seven during January 2014 over205
the storm-tracks of the extratropical North Atlantic. NARVAL2 consisted of ten research flights206
during August 2016 in and around the western extension of the Atlantic intertropical convergence207
zone (Fig. 2). Shortly after NARVAL2, HALO (with the NARVAL payload) took part in the North208
Atlantic Waveguide Downstream Experiment (NAWDEX) mission, flying again over the extra-209
tropical storm-track region of the North Atlantic (Scha¨fler et al. 2018). The tropical flights were210
motivated by the desire to provide spatial context for ongoing ground based measurements at the211
Barbados Cloud Observatory, which was established to test cloud-feedback hypotheses (Stevens212
et al. 2016). The capabilities of HALO as a cloud observatory are highlighted through a pre-213
sentation of the sixth research flight (RF06) of NARVAL2 because in addition to the extensive214
complement of remote sensing, which was common to all NARVAL flights, it was one of two215
flights which extensively explored new methods of measuring large-scale vertical velocity using a216
high-density of dropsonde measurements217
A synopsis of all NARVAL flights is provided in Table 2 and the location of dropsonde mea-218
surements among the different campaigns is show in Fig. 2. The relative proximity of many of the219
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NARVAL2 flights to the ITCZ, as compared to the NARVAL1 tropical flights, is evident. Over220
the twenty-five flights comprising NARVAL1 and NARVAL2, 329 dropsondes were launched and221
fifteen A-train underpasses were flown in a variety of conditions. Further details for specific flights222
are provided by Klepp et al. (2015), for NARVAL1, and from flight reports for NARVAL2.223
Characterizing clouds224
An understanding of how clouds interact with their environment requires an ability to quantify225
how water condensate is distributed through the atmosphere, and to measure the dynamic and226
thermodynamic properties of the atmosphere in which the clouds are imbedded. This is necessary227
to both test hypotheses as to how clouds are controlled by their environment (Bony et al. 2017)228
and to evaluate a new generation of models that begin to resolve cloud-scale circulations over229
large domains and in realistic circumstances (Miyamoto et al. 2013; Klocke et al. 2017). Critical230
observational tests of these models are rare (cf, Stevens and Lenschow 2001). Despite numerous231
measurement campaigns, the quantification of stratocumulus entrainment from the DYCOMS-II232
measurements (Stevens et al. 2003, 2005) is the only example of such a test of which we are aware.233
Cloud condensate234
An unambiguous measure of a cloudiness, and something a cloud observatory should be able235
to quantify, is the amount of water condensate in the atmosphere. In the lower atmosphere this236
is measured by the liquid water path (LWP). Liquid water from clouds and precipitation emit a237
warm signal in contrast to the radiatively cold ocean in the microwave part of the electromag-238
netic spectrum. With such a clear signal, satellite microwave measurements (made now for thirty239
years) provide the only real climatological information on LWP. Recently, Elsaesser et al. (2017)240
published the first-multi-sensor climatology of LWP. However, with footprints of a few tens of241
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kilometers, satellite retrievals are susceptible to beam filling issues and assumptions in the parti-242
tioning between cloud and rain water (Seethala and Horva´th 2010; Greenwald et al. 2018), which243
combine uncertainties arising from a poorly constrained background and make the retrievals un-244
certain.245
The relatively narrow field of view of the passive and active microwave (HAMP) instruments,246
which can even be screened for any fractional cloud cover using high-resolution imagery by spec-247
MACS, makes them well suited to retrieve distributions of cloud condensate. This advantage of the248
HALO measurements, as compared to satellite remote sensing, is illustrated by Fig. 3. It shows249
retrievals from the HALO-borne microwave radiometers for two flight segments during RF06.250
These coincide with AMSR2 (panels a and b) and GMI (panels c and d) overpasses. The figure251
presents, in plan-view, the satellite retrieved LWP fields (panels a, c), and compares these to the252
HALO retrievals along the flight track (panels b,d). The HALO measurements demonstrates the253
ability of HAMP to detect very low (50 gm−2) LWP, even detecting clouds that are only barely254
detected by the radar, e.g., around 16:40 in Fig. 3b. By using the lidar signal to identify clear skies,255
a determination of the noise characteristics of HAMP allows for more precise estimates of cloud256
water. This helps bound retrievals of LWP from clouds whose signal is too small to rise above the257
background microwave noise, yet which are still reliably detected by optical instruments. In the258
cases when drizzle or rain is present, e.g., at 19:30 in Fig. 3d, it will be measured by the radar.259
This makes it possible to establish the relative contribution of the rain water to the total retrieved260
LWP (Schnitt et al. 2017).261
The type of multi-sensor synergy employed in HALO has also been used for space borne in-262
struments. Greenwald et al. (2018) estimate the various uncertainty factors for microwave satel-263
lite LWP, using MODerate resolution Imaging Spectroradiometer (MODIS) as ground truth and264
CloudSat to identify precipitation. Over the tropical oceans they found the net bias, in some cases,265
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to be more than 50 % of the mean LWP. The much finer scale NARVAL measurements, which266
include a MODIS-type LWP retrieval (as discussed below), allow a more in-depth investigation of267
these uncertainties. Even at these finer scales, however, cloud inhomogeneities often violate the268
assumptions used in many retrievals (Box 1) but here at least the ability to view a cloud through269
many lenses offers opportunities to selectively perform the retrievals on clouds, or cloud segments,270
that best satisfy the assumptions of the underlying retrievals.271
An example of the synergies between radar and lidar (Box 2) is the use of radar and lidar to per-272
form ice-water content retrievals even in regions of the cloud where the cloud is only visible to one273
instrument. These retrievals underpin the attractiveness of the “Cloud Observatory” configuration274
of HALO for satellite calibration and validation studies.275
The meteorological environment276
Dropsondes were used during NARVAL2 to characterize the thermodynamic environment in277
which clouds form. The flight pattern in RF06, as shown in Fig. 3a, highlights new techniques278
developed during NARVAL2 to test the ability of dropsonde measurements to also constrain the279
cloud dynamic environment.280
NARVAL2 tested whether a suitable deployment of dropsondes could meaningfully constrain281
the large-scale vorticity and divergence of the horizontal wind (Bony and Stevens 2018); whereby282
the large-scale vertical wind is given by the integral of the divergence. The method was eval-283
uated through repeated measurements in pairs of circular flight patterns over the same airmass,284
by comparing results to storm resolving simulations, and by independent measures of the vertical285
component of the wind velocity – for instance by Lagrangian tracking of water vapor features.286
Two pairs of circles were flown to test the method in RF03 and RF06. Bony and Stevens (2018)287
showed that reasonably accurate estimates of the vertical velocity (see Fig. 4b, c) can be recon-288
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structed from around twelve sondes dropped over an area of around 1.5◦× 1.5◦. The measure-289
ments show the capability of providing detailed information on the fine-scale vertical structure of290
the horizontal-wind divergence and, even from as few as six-to-eight strategically dropped sondes,291
useful information on the structure of the large-scale wind can be inferred.292
It is informative to compare the vertical motion estimates from the sondes (Fig. 4) with LWP293
derived from satellite measurements. At the time of the AMSR2 overpass, the first pair of circles294
(in the Southwest) had been flown, mostly subtending an area characterized by the low values of295
AMSR2-retrieved LWP evident south of 15◦ N in Fig. 3a. A substantially greater LWP is evident296
in the second set of circles, i.e., as seen in the GMI-retrieved LWP (Fig. 3c). In both cases this is297
consistent with the measurements of the vertical component of the large-scale wind. In the first298
pair of circles low-level divergence of the horizontal wind and large-scale descent (Fig. 4b) was299
measured. For the second set of circles (Fig. 4b) low-level convergence of the horizontal wind and300
large-scale ascent was measured.301
Being able to measure the mean vertical velocity over a large (1◦ to 3◦) area determines the302
convergence of mass, moisture and enthalpy over this same area. Hence, this example shows how303
the thermodynamic and dynamic budgets of the area being surveyed by HALO can be determined304
at the same time as the remote sensing characterizes the cloud field.305
Cloud Coverage306
Clouds are often characterized by their coverage. This measure of cloudiness is desirable be-307
cause it helps inform how condensate is distributed in space, which is important for understanding308
how clouds interact with radiation. Cloud coverage is, however, a poorly defined measure of309
cloudiness, as it requires that a continuous envelope (a cloud) be fit to what in the end is a disper-310
sion of discrete objects (cloud particles). This distinction can have surprisingly large quantitative311
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consequences, (e.g., Koren et al. 2007). Nonetheless, the concept of a cloud fraction proves diffi-312
cult to dispense with. The remote sensing instrumentation on HALO makes it possible to estimate313
cloud coverage from a number of sensors. Figure 5 illustrates different estimates of cloud amount314
as seen along a subset of the flight path illustrated in Fig. 3a,b. Shown is a scene of three minutes315
duration, as measured from an altitude of 9 km. The upper panel (a) shows the vertical profile316
delivered from the lidar, panel (b) provides a specMACS image. The entire scene is roughly com-317
mensurate with the size of a microwave satellite footprint. Overlaid are the fields of view from318
different sensors. Panel (c) shows cloud masks of the sensors with the corresponding numerical319
value of cloud fraction on the right. The dependence of cloud amount on the sensor chosen is an-320
other example of the power of the synergistic approach. In combination, the different sensitivities321
of active and passive techniques can better characterize the statistics of the condensate distribution.322
Whereas the microwave techniques are more sensitive to liquid water and precipitation associated323
with more substantial clouds, the optical techniques yield more accurate cloud-cover statistics,324
including very thin and small clouds. The conservative estimates of clear skies provided by these325
instruments, for instance WALES, SMART, and specMACS, can then be used to quantify the noise326
characteristics of the other instruments, thus improving their retrieval.327
Cloud microphysical properties328
Another important and challenging cloud property to measure is Nd, the cloud droplet population329
density. Nd is indicative of the aerosol environment in which clouds form, something that is330
necessary to quantify when assessing the strength of aerosol-cloud interactions (Grosvenor et al.331
2018). Here, because it provides an example of the synergy across instruments and the advantages332
of the very high-resolution measurements HALO enables, we explore retrievals of Nd in more333
detail.334
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By combining SMART measurements with constraints from other sensors it is possible to infer335
Nd along with other microphysical properties of clouds. The principle of the technique follows336
the look-up-table approach developed for satellite retrievals (Nakajima and King 1990; Werner337
et al. 2013), whereby the optical depth, τ , and effective radius of water droplets at cloud top,338
re, are retrieved, from which Nd can then be inferred using the model described by Boers and339
Mitchell (1994). Their model assumes that: (i) Nd is constant above cloud base; (ii) that cloud340
droplets are Gamma distributed in size, with a constant and known shape parameter α; and (iii)341
that the liquid water content, q` , increases with height in proportion to its adiabatic value, γ`. The342
adiabatic liquid-water lapse-rate, γ` is a thermodynamic quantity. For fair-weather clouds in the343
tropics it is about 2.2 gkg−1 km−1, with a dependence on pressure and temperature (Rieck et al.344
2012). As clouds are usually sub-adiabatic in q`, an empirical correction is applied. Previous345
measurements of shallow trade-wind convection justify a height-independent correction factor of346
β = 0.6. As clouds deepen beyond a few hundred meters, precipitation begins to develop, and347
the cloud-droplet size distribution broadens (vanZanten et al. 2011), likewise the assumption of348
constant β increasingly fails as clouds deepen beyond about 500 m.349
The requirements for the retrieval mentioned above will not be satisfied for all cloud cases. In350
fact, estimating Nd in broken clouds using remote sensing is a kind of Goldilocks problem. Clouds351
that are too small will have their retrievals biased from geometric effects (see Box 1), increasingly352
so at low sun angles. Clouds that are too large increasingly depart from the idealization of being353
non-precipitating. By adding information from the other passive and active remote sensing instru-354
ments it becomes possible to selectively pick clouds that are large enough but not too large, and355
also derive constraints on the mixing parameter β – for instance, by comparing microwave based356
LWP measurements to that expected given cloud geometry. In addition, using independent LWP357
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measurements from a combined spectrometer-microwave retrieval of re may further constrain the358
retrievals.359
As described in more detail byWolf et al. (2018), three methods were developed to estimate Nd.360
Method A retrieves only τ and re using only SMART. For Method B the SMART retrieved τ is361
replaced by the HAMP retrieved LWP value. Method C uses full information about the cloud362
geometry obtained from the WALES and cloud radar measurements.363
Following the theoretical study shown in Box 1, cloud element size is of central importance for364
the reliability of passive retrievals in the typical NARVAL cloud situations. This is facilitated by365
a careful cloud screening (e.g., using specMACS 2D data). The typical cloud element is a few366
100 m to a few kilometers in diameter. Effects of horizontal loss of radiation through the nearby367
cloud boundaries will always be present to some extent. In Fig. 6 showing the SMART retrievals368
it is thus likely that τ860 is biased to small values and re to large values. This would also explain369
the observed difference between HAMP and SMART LWP values. Based on these considerations370
the true Nd values are likely to be at the upper end of the retrieved range of 60 cm−1. This value371
appears plausible given in situ measurements from previous field campaigns in the same region372
(vanZanten et al. 2011; Siebert et al. 2013), but more work is clearly warranted.373
Precipitation374
Radar-derived precipitation measurements can be used to understand when clouds develop in375
ways that come into conflict with assumptions underpinning the microphysical retrievals discussed376
above. These measurements can also provide a critical characterization of cloud microphysical377
evolution, and a basis for evaluating models, or testing hypothesized aerosol-cloud interactions378
(Lonitz et al. 2015).379
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As an example of the capability of HALO to observe precipitation processes, and their rela-380
tionship to other cloud properties, a simple first analysis of the precipitation statistics during the381
NARVAL expeditions was performed. An echo object was defined as precipitating if the echo382
extended below the lifting condensation level (as derived from the nearest dropsonde). For exam-383
ple, the cloud-objects detected by the radar in Fig. 3b would be characterized as non-precipitating,384
while those in Fig. 3d would be characterized as precipitating. Overall only about 20 % of the385
echos are identified as precipitating, which given the sensitivity −31 dBZ (at 5 km) sensitivity386
of the radar (see Fig. 5) implies that precipitation is associated with an even smaller fraction of387
clouds.388
This analysis suggests that once clouds deepen beyond about 700 m their chance of forming389
rain increases four-fold. This is shown in Fig. 7a, which presents the probability of precipitation390
in different vigintiles of the cloud depth distribution. Unlike cloud depth, cloud-top height is a391
poor indicator of precipitation, as many thin high clouds do not precipitate (Fig. 7b. The best392
indicator of precipitation is the maximum reflectivity in an echo object, as almost all clouds with393
a maximum reflectivity larger than −15 dBZ have echoes that extend to the surface. The synergis-394
tic sensor approach, which for instance allows the simultaneous probing of cloud microstructure395
and condensate path might help answer why, even when clouds deepen sufficiently, not all form396
precipitation. That so many do suggests that as far as the microphysical retrievals are concerned,397
it may be challenging to find a Goldilocks cloud.398
Large-domain Large Eddy Simulation399
In the past few years it has become possible to apply the large-eddy simulation technique, once400
restricted to idealized situations, to realistic domains on the scale of several hundreds to even a401
thousand kilometers (Heinze et al. 2017). In support of the NARVAL expeditions, simulations402
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using ICON (the Icosahedral Non-hydrostatic model; Za¨ngl et al. 2014; Dipankar et al. 2015)403
with a 2500 m mesh – spanning the entire tropical Atlantic and much of tropical Africa and South404
America – were initialized each day at 00 UTC and ran forward in time for thirty-six hours (Klocke405
et al. 2017). Over a large area of the western Atlantic a finer, 1250 m mesh, was nested for each of406
the simulations. This configuration of ICON can be run in real time to aid flight planning.407
Finer resolution (∆x = 155m) simulations were also performed for twelve of the NARVAL re-408
search flights, six each from NARVAL1 and NARVAL2 (see Table 2). Fig. 8 illustrates the sim-409
ulation protocol and domains, whereby three layers of further nesting are applied to the 1250 m410
mesh, which results in a 155 m mesh simulation over an area (150km× 400km. The fixed com-411
putational domains were chosen to best overlap with areas of flight operations. Simulations on412
the hectometer scale begin to explicitly represent cloud and convective processes of even shallow413
clouds. By simulating the scales of motion that HALO measures, we can assess the quality of the414
model, and its assumptions, and at the same time provide a virtual data-base for testing sampling415
strategies and retrieval assumptions that are being applied to HALO’s observations.416
Looking forward417
One obvious shortcoming of HALO’s remote sensing payload during the NARVAL expeditions418
was the lack of measurements covering wavelengths in the thermal infrared. Both upward and419
downward solar broadband irradiances can be derived from the spectrally resolved SMART sen-420
sors, but as far as the thermal infrared wavelength region is concerned, HALO was flying blind.421
As foreshadowed in Fig. 1, the remaining mount points on the aircraft will be used in the future422
to address this blindspot. Future expeditions will additionally include an infrared imager mea-423
suring at 7.7 µm and 12 µm – wavelengths associated with strong differential absorption changes424
from water condensate, which will help to retrieve cloud properties and phase. Measuring at a425
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wavelength in the atmospheric window will allow to derive sea-surface temperature in clear-sky426
conditions. The measurements will also complement lidar and O2 A-band based cloud-top height427
estimates. In addition, upward and downward broadband irradiances will be measured in both the428
thermal infrared and solar part of the spectrum. Future missions should also benefit from ongo-429
ing modifications to reduce the integration time of the microwave radiometers and to improve the430
sensitivity of the radar. These changes will allow both instruments to even better resolve clouds.431
Finally, a new dropsonde receiver will, through an ability to track eight sondes at once, allow a432
denser deployment of dropsondes.433
The application of HALO as a flying cloud observatory is planned as a central component of434
two forthcoming field studies: EUREC4A and HALO-(AC)3. As part of EUREC4A (which stands435
for Elucidating the Role of Coupling among Clouds, Convection and Circulation), HALO will be436
paired with a low-flying aircraft, the ATR-42, that is configured to better quantify the mass budget437
of the sub-cloud layer and cloudiness near cloud base (Bony et al. 2017). In situ measurements438
of clouds by the ATR will help improve retrievals of microphysical properties of clouds using439
the HALO remote sensing. As part of the (AC)3 (which stands for Arctic Amplification: Cli-440
mate Relevant Atmospheric and Surface Processes, and Feedback Mechanisms) the HALO cloud441
observatory will investigate mixed phase cloud processes in the Arctic by measuring cloud trans-442
formations accompanying the large-scale meridional air mass movements (warm air intrusions,443
cold air outbreaks). To do so a Lagrangian approach will be adopted, which is made possible by444
virtue of HALO’s endurance (Wendisch et al. 2017).445
Together with the example application discussed above these campaigns illustrate the integrative446
aspects of “airborne observatories”, as they link scales, platforms, and communities in pursuit of447
scientific progress. Airborne observatories link scales because, by providing observations directly448
at the scales of interest for cloud-circulation coupling (i.e., large-scale vertical motion, small-449
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scale cloud processes and dynamics) and for modelling. They link platforms because they are450
both “low-flying satellites” and “flying ground-based observatories”, which makes it possible to451
connect and evaluate satellite, ground-based and in-situ measurements. Finally they link commu-452
nities. Not only do these types of campaigns bring together high-resolution modelling of precisely453
those scales and processes that are observed, thereby enhancing the bandwidth between simula-454
tion and observational science, but they also provide a platform for engaging young scientists in455
remote regions of the world in efforts to probe the atmosphere. As such, HALO as a flying cloud456
observatory also serves as an ambassador for atmospheric and climate science.457
By fully embracing the power of remote and autonomous sensing, the cloud observatory con-458
figuration of HALO shows how, by using just a single aircraft, it should be possible to target459
measurements of atmospheric water (in all its phases) and its interaction with circulation systems460
in ways that were not previously possible. Such measurements can help advance understanding of461
how the atmosphere works, identify processes which regulate its distribution of clouds, and test an462
emerging new generation of weather prediction and climate models.463
APPENDIX464
A1. Box 1: Cloud geometric effects on microphysical retrievals465
Retrievals of cloud optical and microphysical properties from reflected radiances (Nakajima and466
King 1990) are designed for horizontally uniform unbounded clouds, and for a good reason: Cloud467
boundaries, and inhomogeneity more generally, bias retrievals in ways that are difficult to correct.468
So, how big does an otherwise homogeneous cloud have to be for its microphysical properties469
to be accurately retrieved using the methods described in the text? To answer this question, we470
performed a simple numerical experiment using a radiative transfer code that quantifies three di-471
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mensional effects (MYSTIC, the Monte Carlo code for the physically correct tracing of photons472
in cloudy atmospheres; Mayer 2009). We consider virtual observations of an idealized cylindrical473
cloud of diameter d and vertical extent 500 m (Figure A1 top). Cloud microphysical properties474
were chosen as typical for trade-wind cumulus clouds, and assumed to be uniform throughout the475
cloud.476
Even before performing any retrieval, a simple comparison of the reflected radiation with that477
expected for a plane-parallel cloud (black lines), reveals large biases near cloud edges – which for a478
small cloud, is everywhere. In the example, with high sun (0◦ solar zenith angle) these biases arise479
because of the loss of radiation through the cloud sides, which causes reflectivity deficits that (for480
clouds on the km scale) reach well into the center of the cloud. At lower sun-angles photons can481
be scattered into the field of view causing the clouds to appear brighter than they would otherwise482
be expected to be. To quantify these geometric effects, a simple two wavelengths (0.8 µm, 2.1 µm)483
retrieval was developed, consisting of a dense lookup-table of radiance pairs as a function of q` and484
re. By design the retrieval works perfectly for homogeneous, un-bounded, plane-parallel clouds.485
Here we show what happens for bounded clouds, whereby geometric effects from cloud-edges lead486
to large biases that extend well into the cloud. For the case of the 1 km cloud, even at the center of487
the cloud these geometric effects lead to a substantial under-estimation of q`. Retrievals of re are488
less impacted, which is beneficial for Nd as it is proportional to r−3e . Even so, Nd is substantially489
underestimated across the entirety of the cloud for small clouds at high noon.490
At the ends of the day geometric effects become even more challenging for retrievals. Repeat-491
ing the calculations for a lower (60◦) sun angle shows that errors no longer compensate. On the492
sunward side of the cloud q` is over-estimated while re is under-estimated. Errors of the opposite493
sense are evident on the dark side of the cloud. Because these effects are non-linear they can still494
be quite large even when averaged across the cloud. This simple example shows that to determine495
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meaningful values for Nd it is necessary to concentrate on the centers of the larger clouds, where496
“large” means considerably larger than 1 km. Even then, it is important to mind the gaps and stay497
well away from cloud edges. To be able to do that, high-resolution, two-dimensional images are498
required, as provided by specMACS (Fig. 5). Such images can help assess the magnitude of the499
3D effects for each individual case, taking into account sun and cloud geometry, and including in-500
formation from instruments which are less affected by 3D radiative transfer, such as the microwave501
radiometer and the active instruments.502
A2. Box 2: Synergistic use of radar and lidar to derive ice cloud microphysical properties503
Due to their wavelength differences, lidar and cloud radar measurements are sensitive to different504
particle sizes. Their measurements of aerosol and cloud layers are thus complementary. The radar,505
sensitive to large particles, provides information on optically thick clouds (water clouds and thick506
ice clouds) and precipitation. For these thicker clouds the lidar has only very limited penetration507
depth and so does not see very far into the clouds. By virtue of its sensitivity to small particles,508
the lidar provides information on aerosols, optically thin ice clouds or shallow water clouds which509
the radar is not sensitive too, and in some cases does not see at all. Figure B2 illustrates the510
complementary sensitivity of these two instruments from measurements for an ice cloud measured511
during the HALO flight on 16 December 2013. The lidar (panel a) images more of the cloud area,512
as the radar (panel b) is only sensitive to regions of higher ice-water content.513
Having the two instruments mounted on a common platform makes it easier to ensure the co-514
incidence of their respective measurements, and thus get the most out of retrievals. For instance,515
whereas retrievals based on the ratio of the lidar backscatter coefficient to the radar reflectivity516
are limited to regions where both measurements overlap, optimal estimation approaches can re-517
trieve ice cloud microphysical properties (e.g. effective radius and ice water content) also when518
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in parts of the cloud seen by only one instrument. This is shown in Fig. A2 (panel c), using the519
variational optimal estimation approach introduced by Delanoe¨ and Hogan (2008) and adapted to520
our multi-wavelength aircraft applications by Cazenave et al. (in. prep.). Ice-water measurements521
are retrieved in the upper part of the clouds which are transparent to the radar. These types of522
measurements help us look toward forthcoming satellite missions. Notably the ESA/JAXA Earth523
Cloud Aerosol Radiation Experiment (EarthCARE) will operate an advanced lidar and cloud radar524
system from a single satellite platform, and is well poised to benefit from the retrievals we develop525
and test using data form the NARVAL expeditions.526
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TABLE 1. Frequencies measured by downward looking radiometer modules within HAMP, indicated are the
major constituent lines sampled, and the retrievals to which the particular measurements most contribute.
659
660
Wavelengths Atmospheric Properties
Seven H2O (22.24 GHz to 31.24 GHz) channels Water vapor, liquid water path
Seven O2 (50.30 GHz to 58.00 GHz) channels Temperature and liquid water path
One window (90.00 GHz) channel Water (ice/liquid) condensate path
Four band-pass channels around 118.75 GHz O2 line Temperature profiling
Seven band-pass channels around 183.31 GHz H2O line Water vapor profiling and ice
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TABLE 2. Overview of NARVAL Research Flights. RF denotes the research flight for each campaign, # denotes number of dropsondes launched,
and AO denotes A-train overpass time when applicable.
NARVAL1 (Tropical), 10-20 December 2013
RF Day Time (UTC) # LES AO Brief Description
01 10 1014 - 2041 14 1507 Ferry
02 11 1429 - 2158 6 X 1724 Southward box-spring toward ITCZ
03 12 1350 - 2020 10 X 1629 Tradewind-transition legs
04 14 1335 - 2021 11 X 1629 ”
05 15 1515 - 2145 3 X 1700 ” and Maneuvers
06 16 1310 - 2259 10 X 1605 Ferry
07 19 1005 - 1957 9 n/a Ferry, Falcon overflight
08 20 1620 - 0235 8 X 1723 Ferry
NARVAL1 (Extratropical), 7-22 January 2014
RF Day Time (UTC) # LES AO Brief Description
01 07 1208 - 1750 0 n/a Ferry
02 09 0814 - 1720 11 1529 Cold air outbreak, post-frontal low
03 12 0832 - 1510 12 n/a Tiltback occlusion
04 18 0855 - 1449 5 1344 Downstream development
05 20 1015 - 1845 5 n/a Weak cold-core convection
06 21 1052 - 1700 7 1415 Re-intensified cold-air
07 22 1002 - 1445 0 n/a Ferry
NARVAL2, 8-29 August 2016
RF Day Time (UTC) # LES AO Brief Description
01 8 0822 - 1859 9 1507 Ferry
02 10 1153 - 2047 30 X 1709 ITCZ Crossing
03 12 1143 - 1937 50 X n/a Divergence, Radar Calibration
04 15 1149 - 1946 10 1711 ITCZ Crossing
05 17 1448 - 2307 12 X 1701 Satellite Validation (Cirrus)
06 19 1229 - 2053 53 X 1648 Divergence, NTAS buoy recon.
07 22 1117 - 2058 13 X n/a Inner ITCZ (Doldrums)
08 24 1243 - 2055 12 X n/a Gaston – Deep Conv. (no radar)
09 26 1344 - 2054 12 n/a Gaston – Shallow Conv. (no radar)
10 29 0944 - 1900 17 n/a Ferry, Stratus Circle (no radar)
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rived from these sounding circles are illustrated in panels (b) and (c), adapted from Bony688
and Stevens (2018). . . . . . . . . . . . . . . . . . . . . . 39689
Fig. 5. Cloud scene from NARVAL2 RF06 flight segment outlined in Fig. 3a. Shown is (a) the690
Backscatter Ratio (WALES) at 532 nm, (b) the specMACS measurements at 1597 nm with691
the field of view of other instruments (HAMP-Radiometer, SMART and HAMP-Radar) out-692
lined. (c) shows cloud masks along the path for WALES, specMACS, SMART and the693
Radar with total cloud fraction along segment included on the right margin. No cloud mask694
is given for HAMP, but its field of view is shown in anticipation of subsequent analysis. For695
specMACS the fractional cloud cover across the swath from ±1◦ around nadir is shown.696
In order to simulate a sensor with lower resolution and higher sensitivity, specMACS 1/0697
shows a binary version of that fraction, counting a timestep as cloudy if just a single pixel698
(from ±1◦ around nadir) detected a cloud. . . . . . . . . . . . . . . . 40699
Fig. 6. Time-series of SMART radiances and synergistic retrievals for 3 min scene in Fig. 5. Shown700
in panel (a) are radiances at 860 nm and 1600 nm; (b) retrieved optical depth at 860 nm; (c)701
retrieved effective radius near cloud top and associated (1σ ) uncertainty; (d) liquid water702
path from SMART and HAMP retrievals with propagated uncertainty; and (e) estimation of703
droplet population density, Nd using different combinations of sensors (Methods A, B, and704
C) as explained in text and with propagated uncertainty (dashed). . . . . . . . . . 41705
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Fig. 7. Rank histograms, in vigintiles, of cloud properties as defined by the HAMP Cloud and706
Precipitation Radar. Cumulative distribution in rank order (lines, corresponding to left axis-707
scale) and precipitation probability, p(P), (bars, measured on right). Panel (a) shows rank708
cloud depth, as measured by distance between lifting condensation level and echo top; b)709
echo top; and (c) maximum object reflectivity. The cumulative distribution lines are colored710
according to whether the object is identified as raining or not. The precipitation probabilities711
thus show the fraction of blue (raining) versus total points in each vigintile. . . . . . . 42712
Fig. 8. Nesting procedure to simulate area of flight operations during NARVAL. Starting from the713
interior 1.25 km nest of yet larger-scale simulations on a 2.5 km mesh, a three step nesting714
procedure is applied to simulate the area of flight operations on a 150 m mesh. To enable715
spin-up the simulations are initialized several hours before flight operations and integrated716
through the period of active measurements. . . . . . . . . . . . . . . 43717
Fig. A1. Simulated retrieval for an idealized 1 km and 4 km diameter cylindrical cloud. Retrievals718
are presented for two sun incidence angles, on a scale normalized by the cloud diameter.719
For both clouds the depth is the same and cloud microphysical properties are idealized as720
following mono-disperse droplet distribution with q` = 0.35gm−3 and Nd = 84cm−3. The721
idealizations help isolate the impact of cloud-geometric effects on remotely sensed proper-722
ties. . . . . . . . . . . . . . . . . . . . . . . . . . 44723
Fig. A2. Collocated (a) backscatter ratio measured with the WALES lidar system and (b) radar reflec-724
tivity measured with the HAMP cloud radar between 20:00 and 21:00 UTC on 16 December,725
2013 (RF06 of the NARVAL1 tropical flights), and (c) ice water content retrieved with the726
variational optimal estimation approach. . . . . . . . . . . . . . . . 45727
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FIG. 1. Cross-section of HALO configured as a cloud observatory. Detail shows two positions with major
instrumentation in the belly pod and in the tail section. SMART refers to the Spectral Modular Airborne Radia-
tion measurement sysTem and specMACS the spectrometer of the Munich Aerosol Cloud Scanner, both passive
instruments making measurements with high spectral resolution at visible and near-infrared wavelengths.
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FIG. 2. Distribution of sonde launches for NARVAL1 (Dec 2013, Jan 2014) and NARVAL2 (Aug 2016)
flights. Shaded is the position of the ITCZ and the storm track-region (blue) in December 2013 and the ITCZ
(red) in August 2016. The ITCZ is defined to be regions with precipitation greater than 9 mmd−1, the storm
tracks by the regions with precipitation greater than 6 mmd−1. The boundaries of these regions are smoothed
before plotting.
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FIG. 3. Exemplary LWP time series of about 10 min illustrating the intermittent nature of the typical liquid
clouds encountered during NARVAL2, RF06. Panels (a) and (c) show the flight track superimposed on the
large scale LWP field as derived from microwave measurements associated with satellite overpasses separated
in time by about 4.5 h. Panels (b) and (d) show the aircraft derived LWP for the flight segments shown in panels
(a) and (c) respectively. Two satellite products are shown from reference, one from the Global Precipitation
Measurement (GPM) Microwave Imagers (GMI), the other from the Multisensor Advanced Climatology of
Liquid Water Path (MAC-LWP Elsaesser et al. 2017). Cloud radar profiles shown classify the AMSR-E under-
flight (b) as non-precipitating while the GMI under-flight (d) includes several rain shafts. Note, that due to the
time difference to GMI the system is shifted in space. The time-period between 16:42 and 16:45 is highlighted
(panel b) as it is discussed in subsequent analysis.
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FIG. 4. MODIS image at the time of the A-train overpass during RF06, panel a. The MODIS overpass is
indicated in red (for the time-period between 16:42 and 16:45 UTC, Fig. 3b) and is bracketed by pairs of circular
flight patterns designed to facilitate estimates of large-scale vertical motion from dropsonde wind measurements.
Large scale vertical velocity as derived from these sounding circles are illustrated in panels (b) and (c), adapted
from Bony and Stevens (2018).
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FIG. 5. Cloud scene from NARVAL2 RF06 flight segment outlined in Fig. 3a. Shown is (a) the Backscatter
Ratio (WALES) at 532 nm, (b) the specMACS measurements at 1597 nm with the field of view of other instru-
ments (HAMP-Radiometer, SMART and HAMP-Radar) outlined. (c) shows cloud masks along the path for
WALES, specMACS, SMART and the Radar with total cloud fraction along segment included on the right mar-
gin. No cloud mask is given for HAMP, but its field of view is shown in anticipation of subsequent analysis. For
specMACS the fractional cloud cover across the swath from ±1◦ around nadir is shown. In order to simulate
a sensor with lower resolution and higher sensitivity, specMACS 1/0 shows a binary version of that fraction,
counting a timestep as cloudy if just a single pixel (from ±1◦ around nadir) detected a cloud.
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FIG. 6. Time-series of SMART radiances and synergistic retrievals for 3 min scene in Fig. 5. Shown in panel
(a) are radiances at 860 nm and 1600 nm; (b) retrieved optical depth at 860 nm; (c) retrieved effective radius
near cloud top and associated (1σ ) uncertainty; (d) liquid water path from SMART and HAMP retrievals with
propagated uncertainty; and (e) estimation of droplet population density, Nd using different combinations of
sensors (Methods A, B, and C) as explained in text and with propagated uncertainty (dashed).
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FIG. 7. Rank histograms, in vigintiles, of cloud properties as defined by the HAMP Cloud and Precipitation
Radar. Cumulative distribution in rank order (lines, corresponding to left axis-scale) and precipitation probabil-
ity, p(P), (bars, measured on right). Panel (a) shows rank cloud depth, as measured by distance between lifting
condensation level and echo top; b) echo top; and (c) maximum object reflectivity. The cumulative distribution
lines are colored according to whether the object is identified as raining or not. The precipitation probabilities
thus show the fraction of blue (raining) versus total points in each vigintile.
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FIG. 8. Nesting procedure to simulate area of flight operations during NARVAL. Starting from the interior
1.25 km nest of yet larger-scale simulations on a 2.5 km mesh, a three step nesting procedure is applied to
simulate the area of flight operations on a 150 m mesh. To enable spin-up the simulations are initialized several
hours before flight operations and integrated through the period of active measurements.
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Fig. A1. Simulated retrieval for an idealized 1 km and 4 km diameter cylindrical cloud. Retrievals are pre-
sented for two sun incidence angles, on a scale normalized by the cloud diameter. For both clouds the depth
is the same and cloud microphysical properties are idealized as following mono-disperse droplet distribution
with q` = 0.35gm−3 and Nd = 84cm−3. The idealizations help isolate the impact of cloud-geometric effects on
remotely sensed properties.
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Fig. A2. Collocated (a) backscatter ratio measured with the WALES lidar system and (b) radar reflectivity
measured with the HAMP cloud radar between 20:00 and 21:00 UTC on 16 December, 2013 (RF06 of the
NARVAL1 tropical flights), and (c) ice water content retrieved with the variational optimal estimation approach.
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